Summary. Nicotine (5\m=.\0mg/kg) was injected (s.c.) twice daily on Day 1 or Days 1\p=n-\4or 1\p=n-\5of pregnancy. Cumulative doses of nicotine retarded embryo cell cleavage and substantially reduced embryo cell number (saline vs nicotine: 42\m=.\5 \m=+-\ 1\m=.\7vs 22\m=.\1 \m=+-\ 1\ m=. \ 9 nuclei/embryo, at 12:00 h on Day 5; P < 0\m=.\05).However, treatment for even 1 day (Day 1) significantly reduced cell number (saline vs nicotine: 42\m=.\5\ m=+-\ 1\ m=. \ 7 vs 30\m=.\5\ m=+-\ 0\ m=. \ 9, at 12:00 h day on Day 5; P < 0\m=.\01). Nicotine injection also resulted in a marked and prolonged reduction in oviduct blood flow (pretreatment vs 90 min after nicotine: 0\m=.\61
Introduction
In women and rats, the course of pregnancy and fetal development is impaired by exposure to nicotine. In women, cigarette smoking has been implicated in such diverse conditions as increased incidence of spontaneous abortion (Hollinshead, 1979) , premature delivery (Ochsner, 1971) , and low fetal weight (Meredith, 1975) . In rats, nicotine treatment similarly retards fetal development, interferes with parturition and reduces birth weight (Becker & King, 1966; King & Little 1968; Hudson & Timiras, 1972) . These well-studied effects are attributable mostly to nicotine impairment of placental function. The present investigation examines the effects of nicotine on pregnancy well before implantation and establishment of the placenta.
The ability of the embryo to adapt to a sub-optimal environment is limited before implantation, and relatively minor perturbations of the environment within the reproductive tract may have marked consequences for conceptus development. The administration of nicotine, for example, to rats during the first 5 days of pregnancy suppressed embryo growth (Card & Mitchell, 1979; Hammer & Mitchell, 1979 ; Hammer, Mitchell & Goldman, 1979 ;  Yoshinaga, Rice, Krenn & Pilot, 1979) . Such nicotine-induced alterations in embryo growth may result, in part, from reduced uterine blood flow and decreased intrauterine oxygen tension (Hammer, Goldman & Mitchell, 1981; Mitchell, Hammer & Goldman, 1983 (Tarkowski, 1966) . Preparations were discarded if overlapping of cells impaired accurate counting.
Determination of oviducal blood flow. On the afternoon of Day 5 of pseudopregnancy, animals were anaesthetized with an intraperitoneal injection of pentobarbitone sodium (40 mg/kg) about 15 min before blood flow measurement. Rats were injected subcutaneously with saline or nicotine (5-0 or 0-5 mg/kg body wt). At 10,20,45,90 or 120 min thereafter, blood flow was measured (Hammer et ai, 1981 0-61 ± 0-06 0-45 ± 008** 0-40 ± 008*** 0-38 ± 006*** 0-37 ± 0-10*** 0-55 ± 008 flow (ml/min-g-1)
Cardiac output 414 (ml/min-kg-1)
Values significantly different from that at 0 min: *P < 0-01, **P < 0025, ***/» <0-005.
The effects of nicotine on oviducal blood flow are shown in Table 4 . The pattern of changes in blood flow after nicotine administration was dose-dependent. Injection of 5-0 mg/kg resulted in a marked and prolonged reduction in oviducal blood flow. Oviducal perfusion was reduced at 10 min after injection and remained suppressed for 90 min before returning to control levels by 120 min. Cardiac output was depressed at 45 and 90 min. The lower dose of nicotine (0-5 mg/kg body wt) did not significantly depress tubai blood flow until 90 min after injection and perfusion rapidly returned to control levels.
Discussion
Although the doses of nicotine used in the present experiments exceed those encountered during cigarette smoking (Armitage et ai, 1975; Russell, Wilson, Patel, Feyerabend 8c Cole, 1975) , the results clearly indicate that, in the rat, even a brief exposure to nicotine reduces tubai blood flow and embryo cell proliferation. Accordingly, during the preimplantation period, the embryo is susceptible to nicotine effects and the consequences of delayed development persist beyond the period of nicotine exposure.
Nicotine may act directly on the embryo. The alkaloid is readily taken up by the uterine fluid and accumulated by blastocysts (Fabro & Sieber, 1969 ; McLachlan, Dames, Sieber & Fabro, 1976) . Furthermore, nicotine acts directly on cells to alter cytokinesis: low doses of nicotine (6-17 x 10~6 m) stimulate division of HeLa cells; high concentrations (3-09 x 10~3 m) prolong metaphase (Ved Brat, Sisken & Anderson, 1979) . Whether embryoblasts differ in susceptibility to the growthretarding effects of nicotine is under investigation. Alterations in trophoblast-dependent events (time of zona loss, implantation) coupled with the absence of embryopathy suggest that nicotineinduced suppression of cell division may be occurring primarily in the trophoblast.
In addition to delaying the occurrence of first cleavage and reducing the rate of embryonic cell proliferation, daily injection (Days 1-4) of 5 mg nicotine/kg delays the time of zona pellucida loss and modestly retards implantation (Card & Mitchell, 1979; Hammer & Mitchell, 1979) . Nevertheless, litter size is not altered in rats receiving nicotine and their young do not differ from those of controls with respect to birth weight, sex distribution or mortality (Hammer & Mitchell, 1979) . Furthermore, preliminary observations indicate no increase in the rate of fetal malformations in litters of nicotine-treated rats (R. E. Hammer & J. A. Mitchell, unpublished data) . Nicotine treatment during the initial 4 days of pregnancy does not impair post-partum body growth; it does, however, delay the onset of puberty (Mitchell & Hammer, 1984) .
Nicotine may modify embryo development indirectly by altering the intramural environment of the oviduct. By modifying oestrogen and/or progesterone secretion (Yoshinaga et al., 1979 (Blake, Scaramuzzi, Norman, Kanematsu & Sawyer, 1972 ), it appears unlikely that hormone imbalance plays a major role in modifying embryo cell proliferation. Rather, nicotine-induced suppression of tubai blood flow is more likely to account for the observed decrease in cell proliferation. Blood flow is of major importance in the production of tubai fluid; both its volume and composition are influenced by tubai haemodynamics (Hamner, 1973) . Therefore, agents such as nicotine, which alter blood flow, may potentially modify the luminal environment and thereby adversely affect pregnancy.
Oxygen is among the essential metabolic substrates provided by the oviduct to the developing conceptus. Normal embryo development requires an optimal level of oxygen (Sugawara & Umezu, 1961) , and the concentration of oxygen demanded by the embryo increases as development proceeds (Brinster, 1972) . As with intrauterine oxygen tension (Mitchell & Yochim, 1968a, b) , the primary determinant of oxygen availability within the oviduct appears to be tubai haemodynamics (Mastroianni & Jones, 1965) . Nicotine-induced suppression of uterine blood flow is achieved, in part, by systemic discharge of catecholamines (Resnik, Brink & Wilkes, 1979) . The oviduct, like the uterus, receives adrenergic innervation (Norberg & Fredericsson, 1966) with many nerves terminating on tubai vessels (Brundin, 1965 (Brundin, , 1969 . The fact that the time-course of the haemodynamic response of the oviduct to the alkaloid was virtually identical to that of the uterus (Hammer et ai, 1981 ; Mitchell et ai, 1983) suggests that nicotine-induced vasoconstriction of the oviducal vasculature is also mediated by systemic and/or local catecholamine release.
If nicotine alters oviducal perfusion via catecholamine release, then cigarette smoking may exert significant adverse effects on early pregnancy in women. It is known that the quantity of nicotine absorbed from cigarette smoke, though markedly less than the levels achieved in the present experiment, is, nevertheless, sufficient to elevate plasma catecholamine levels (Quigley, Sheehan, Wilkes & Yew, 1979) , reduce uterine perfusion (Resnik, Brink & Wilkes, 1979) and produce transient fetal hypoxia (Manning & Feyerabend, 1976) . Since the human oviduct and its vessels, like the uterus, are innervated by adrenergic nerves (Brundin & Wirsen, 1964) , it is possible that cigarette smoking could reduce oviducal blood flow and produce a suboptimal oviducal environment for embryo growth by decreasing the availability of oxygen and other metabolic substrates. While intraoviducal oxygen tension has not been measured in women, observations of monkeys suggest that there is a finely tuned balance within the oviduct between the oxygen supply and 02 demand by the embryo (Maas, Storey & Mastroianni, 1976) . If oxygen reserves are similarly limited in the human oviduct, the embryo may be at risk in the presence of even brief periods of oviducal hypoxia. As with the uterus, the quantity of nicotine absorbed from tobacco smoke may be sufficient to reduce oviducal blood flow and cause episodes of oxygen insufficiency. The development of the embryo may therefore be modified while still within the oviduct.
